searchers. Effective analysis of MET data becomes an
. The fulfillment of both years. The interactions were not large enough to divide the area into different mega-environments as when analyzed over years, a single tasks depends on an understanding of (i) the GE interaccultivar yielded the best in all four sites. The southwestern site, St.
tion pattern of the MET, which has been the focus of Pauls, was found to always group together with at least one of the numerous studies (e.g., Kang, 1990; Kang and Gauch, other three sites; it did not provide unique information on genotype 1996; Cooper and Hammer, 1996) , and (ii) the interrelaperformance. Therefore, in future cultivar evaluations, Winchester tions among the breeding objectives (Yan and Walshould always be used but St. Pauls can be dismissed. Applying GT lace, 1995) .
biplot to the 1994-1999 multiple trait data illustrated that GT biplots
Recently, Yan (1999) and Yan et al. (2000) proposed graphically displayed the interrelationships among seed yield, oil cona GGE biplot that allows visual examination of the tent, protein content, plant height, and days to maturity, among other GE interaction pattern of MET data. The GGE biplot traits, and facilitated visual cultivar comparisons and selection. It was emphasizes two concepts. First, although the measured found that selection for seed yield alone was not only the simplest, but also the most effective strategy in the early stages of soybean breeding.
yield is the combined effect of genotype (G), environment (E), and genotype by environment interaction (GE), only G and GE are relevant to, and must be considered simultaneously, in cultivar evaluation. Hence the term S uperior cultivars must be evaluated on the basis "GGE". Second, the biplot technique developed by Gaof multi-environment trials (MET) and multiple briel (1971) was employed to approximate and display traits to ensure that the selected cultivars have acceptthe GGE of a MET, hence the term GGE biplot. This able performance in variable environments within the GGE biplot was constructed by the first two principal target region and to meet the many-facets of the demand from the producers, processors, and the consumers. For components (PC1 and PC2, also referred to as primary by trait (GT) biplot, which is an application of the GGE biplot technique to study of the genotype by trait data, and secondary effects, respectively) derived from subjecting environment-centered yield data, i.e., the yield and to examine its usefulness in visualizing soybean trait relationships, and its application in cultivar evaluation, variation due to GGE, to singular value decomposition (SVD) (Yan, 1999; Yan et al., 2000) . This GGE biplot comparison, and selection. was shown to effectively identify the GE interaction pattern of the data. It clearly shows which cultivar won MATERIALS AND METHODS in which environments, and thus facilitates mega-enviThe Data ronment identification. A megaenvironment is defined
The Ontario soybean-growing region is conventionally dias a group of locations that consistently share the same vided into 2600, 2800, 3100, and 3400 CHU sub-regions. For best cultivar(s). Another essential requirement for megaeach sub-region there is an independent cultivar evaluation environment differentiation is repeatability of the whichproject. The University of Guelph soybean-breeding program won-where pattern. Therefore, multi-site trials conducted focuses on cultivar development and evaluation primarily for over years are essential for addressing the mega-envithe 2800 CHU region. Data analyzed in this study were derived ronment issue (Yan and Hunt, 1998; Yan, 1999 the overall environment) (Yan, 1999; Yan et al., 2000) .
were recorded in the field for each entry. Upon harvest, seed yield, protein concentration (%), oil concentration (%), 100- A GGE biplot is generated by plotting perpendiculars flanking it, because it had the longer All biplots presented in this paper were generated by usdistance from the origin than any of these genotypes.
ing the "GGEbiplot" software developed by the first author (Yan, 1999; Yan et al., 2000 . Sites within the same sector share the same winning genotype, and Although the magnitude of G, E, and GE variances sites in different sectors have different winning genovaried over years, GE is in general as important as G types. Thus, the polygon view of a GGE biplot indicates (Table 1) . Although no error estimation was available the presence or absence of crossover GE interactions due to the unavailability of replicated data, the magniinvolving the most responsive genotypes, and is suggestude of GE interaction relative to G justifies the considtive of the existence or absence of different mega-envieration of GE in cultivar evaluation. Depending on the ronments among the tested sites. year, the GGE biplot explained 77% to 89% of the total Figure 1A based on the 1994 data suggests two megayield variation due to G and GE (Fig. 1) . environments, one represented by the Exeter, and the There are numerous ways to look at a GGE biplot, other by Woodstock and St. Pauls. This pattern, howbut the polygon view of a biplot is most relevant to the ever, was not repeated in other years. In four of the six investigation of the mega-environment problem. The years, namely, 1995 The years, namely, , 1997 The years, namely, , 1998 The years, namely, , and 1999 , the eastern polygon was drawn on genotypes that located furthest Ontario site Winchester was separated from the three from the plot origin (0,0) such that markers of all other southwestern sites. And in these four years, the three cultivars are contained in the polygon. These vertex southwestern Ontario sites tended to group together. genotypes are the most responsive genotypes since they
In all years except 1995, site St. Pauls grouped with at had the longest distance from the origin. The most releast one of the other three sites. These observations sponsive genotypes were those that were either the best suggest two things. First, the eastern Ontario site Winor poorest performers at some or all of the locations. For each side of the polygon a perpendicular line is chester may represent a mega-environment that is dif- ferent from southwestern Ontario represented by the frequently different from the other three sites, but it is doubtful that this difference was large enough to define other three sites. Second, St. Pauls may be a redundant site since it was not unique in five of six years. a different mega-environment. A mega-environment should be defined as part of the growing region of a crop represented by a group of sites
Genotype by Site Relations over Years
among which there are no major repeatable crossover Since different genotypes were tested from year to GE interactions. Consequently, for a given mega-enviyear, we further examined the genotype by site relationronment there exists a cultivar that performs best at all ships using a subset of 28 genotypes that were in comsites when evaluated over several years. Following this mon during 1997 to 1999 (Fig. 2) . As expected from Fig. definition, a mega-environment can be simple or com-1 for the individual years of 1997 to1999, Winchester plex. A simple mega-environment involves no crossover was different from the other three sites in discriminating GE interaction at all, whereas a complex mega-environamong the genotypes, even though this difference was ment involves crossover GE interactions that are not not large enough for Winchester to have a different repeatable over years. For a simple mega-environment, winning cultivar CM401028 (Fig. 2B) . Therefore, alone or a few test sites would be sufficient for effective though Winchester was different from the other three cultivar evaluation. For a complex mega-environment, sites in differentiating the genotypes, we do not have a distinct test sites are required to select cultivars that are strong case to conclude that it represents a different superior across the whole region over years. mega-environment from the other sites. Fig. 2A indiBased on the genotype by site relations of Fig. 1 and cates that Winchester was significantly different from 2, the 2800 CHU area of Ontario seems to be a single other sites for this subset of genotypes only in 1999, complex mega-environment, with Winchester as a unique making it more doubtful that it represents a distinct test site. On the other hand, St. Pauls always grouped mega-environment. Moreover, 20 genotypes were in together with at least one of the other sites, suggesting common in the 11 trials of 1994 to 1996. When this that it provided no unique information on the genotype balanced subset of data was analyzed similarly as for performances. Consequently, in future tests, Winchester the 1997 to 99 subset, we saw little evidence that Winshould always be used as a test site but St. Pauls can chester was different from the other three sites (results be removed from the test sites. not shown).
It is possible that Winchester shared the same best
Genotype by Trait Biplots and Trait Relations
performer with other sites because the 28 genotypes in Fig. 2 were selected based on average yield over the sites. The GT biplot for each of the six years, based on Eq.
[2], explained 52 to 63% the total variation of the Genotypes that had specific adaptation at Winchester might have been discarded due to poor performance in standardized data (Fig. 3) . This relatively low proportion reflects the complexity of the relationships among other sites. Indeed, the best performers at Winchester, "23289901" in 1995 (Fig. 1B) , and "9708038" in 1997 the measured traits. Nevertheless, the fundamental patterns among the traits should be captured by the biplots (Fig. 1D) , were not among the 28 genotypes presented in Fig. 2 . Therefore, it seems clear that Winchester was (Kroonenberg, 1995) . In the GT biplot, a vector is drawn from the biplot origin to each marker of the traits to cates that RCAT9901 was better in oil concentration, facilitate visualization of the relationships between and oil yield, seed yield, and protein yield, whereas ps78 among the traits. Provided that the biplot explained a was better in protein concentration and seed weight, sufficient amount of the total variation, the correlation and was taller, later and more prone to lodge. Similarly, coefficient between any two traits is approximated by RCAT9901 had a greater value than RCAT9801 in all the cosine of the angle between their vectors. Thus, r ϭ traits except oil concentration. ADV57151 was slightly cos180Њ ϭ Ϫ1, cos0Њ ϭ 1, and cos90Њ ϭ 0.
better than PS78 in oil and protein content but had a For all six years, the largest variation explained by lower value than PS78 on all other traits; PS63 had the biplots came from seed yield, protein concentration, higher oil concentration but lower values on all other oil concentration, oil yield, and protein yield, as inditraits than ADV57151. Also analogous to the interpretacated by the relative length of their vectors. It is the tion of the GGE biplot, Fig. 4 indicates that genotype interrelationships among these traits that are most rele-RCAT9801 was highest in oil concentration, ADV57151 vant to soybean breeding. The most prominent relations was highest in protein concentration, RCAT9901 was revealed by these biplots are: (i) a strong negative assohighest in seed yield, oil yield, and protein yield, whereas ciation between protein concentration and oil concen-PS78 was the tallest, the latest, most prone to lodging, tration, as indicated by the large obtuse angles between and had the largest seed weight. The measured trait their vectors, (ii) a near zero correlation between seed values of these vertex genotypes are presented in Table  yield and protein concentration and between seed yield 3 to validate the statements on the basis of the GT and oil concentration, as indicated by the near perpenbiplot. A GT biplot may not accurately reflect the means dicular vectors, and (iii) a positive association between as it did not explain all variation of the data but it protein yield and oil yield, both being closely correlated displays the most important patterns of the data. to seed yield, as indicated by the acute angles. Other
The GT biplot can also be used to aid genotype selecrelations revealed from the GT biplots include positive tion on the basis of multiple traits. Fig. 5A demonstrates associations among seed yield, days to maturity, and the selection results based on seed yield by culling genoplant height. Thus, the GT biplots graphically display types that yielded below average. This was done by the trait relations in soybean that are well-documented drawing a line that passes through the biplot origin and elsewhere (Burton, 1991) . The correlation coefficients the marker of seed yield, followed by drawing a line that among the traits for 1999 indicate that the GT biplot passes through the biplot origin and is perpendicular to correctly displays relationships among the traits that had the seed yield line. On the basis of biplot theory, if the relatively large loadings on either PC1 or PC2 (Table 2) .
biplot sufficiently approximates the data, then genoExact match is not to be expected however, because types that fell on the same side of the perpendicular the biplot describes the interrelationships among all line as seed yield should have yielded above average, traits on the basis of overall pattern of the data whereas whereas genotypes on the other side of the perpendicucorrelation coefficients only describe the relationships lar line should have yielded below average. Fig. 5B prebetween two traits.
sents the results of culling genotypes that either had below-average oil concentration or had below-average
Genotype by Trait Biplot as a Tool
protein concentration. This selection scheme is obvi-
for Genotype Comparisons
ously not a viable selection strategy since only a single genotype was left and it had a below average yield. Fig.  Figure 4 is an enhanced version of Fig. 3F to demon-5C presents the results from independent culling on oil strate that the GT biplot can be used to compare genoconcentration and seed yield, in which all genotypes types on the basis of multiple traits and to identify genothat had relatively high protein concentration were distypes that are particularly good in certain aspects and carded. Fig. 5D presents the results from independent therefore can be candidates for parents in soybean culling on protein concentration and seed yield, in which breeding. Analogous to the analysis of the GGE biplots all genotypes that had relatively high oil concentration in Fig. 1 and 2 , a polygon was drawn on the GT biplot.
were discarded. Fig. 5E presents the results from indeThe perpendicular lines to the polygon sides facilitate pendent culling on oil yield and protein yield. Fig. 5E comparison between neighboring vertex genotypes. Specifically, comparison between RCAT9901 and ps78 indiis almost equivalent to putting results of Fig. 5C and different mega-environment. Third, crossover GE inter- Fig. 5D together and is almost identical to selecting on actions were rare among the three southwestern sites. the basis of yield alone (Fig. 5A) . Therefore, selection Particularly, site St. Pauls seldom provided unique inon the basis of seed yield alone is the simplest and most formation on genotype performance and seemed to be efficient strategy of selection, particularly in the early a redundant test site. On the basis of these findings, stages of soybean breeding. Although oil and protein the 2800 CHU area is a single mega-environment with concentration are important aspects of soybean quality, frequent crossover GE interactions. For reliable genoselection on these traits could be deferred until a later type evaluation, sites from both eastern (Winchester) stage.
and southwestern Ontario (Woodstock and Exeter) are needed, but the St. Pauls site appears to be unnecessary.
CONCLUSIONS
This study demonstrates that the GT biplot is an exApplying the GGE biplot technique to the 1994 to cellent tool for visualizing genotype by trait data. First, 1999 soybean trials in the 2800 CHU area of Ontario it effectively reveals the interrelationships among the led to the following conclusions. First, the GE interacsoybean traits. Second, it provides a tool for visual comtion was an important source of soybean yield variation parison among genotypes on the basis of multiple traits. and there were clear crossover GE interactions each Third, it can be used in independent culling based on year. Second, the eastern Ontario site Winchester was multiple traits and in comparing selection strategies. frequently different from the three southwestern OnBased on the trait relationships, selection for seed yield tario sites in differentiating soybean genotypes. This alone is not only the simplest, but also the most effective strategy in the early stages of soybean breeding. difference, however, was not large enough to define a 
